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Human chromosome 9 is involved in a number of recurrent structural rearrangements; moreover, its pericentromeric region exhibits a
remarkable evolutionary plasticity. In this study we present the molecular characterization of a constitutional rearrangement, involving the
9p21.1q13 region, which led to the formation of a supernumerary marker chromosome (SMC). We defined the sequence of the breakpoints and
identified a new set of duplicons on human chromosome 9, named LCR9s (chromosome 9 low-copy repeats). Two of these duplicons were shown
to be involved in a somatic exchange leading to the formation of the SMC. High-resolution FISH coupled to database search demonstrated that a
total number of 35 LCR9 paralogs are present in the human genome. These newly described chromosome 9 duplicons have features that may be
crucial in driving structural chromosome rearrangements in germinal and somatic cells.
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exchanges; Somatic exchangesThe capability of the human genome to undergo modifica-
tions rapidly in response to environmental and/or endogenous
signals is crucial for cell differentiation and development. The
sequences responsible for this physiological plasticity are also
at the origin of a wide spectrum of hereditary diseases char-
acterized as genomic disorders [1], due to their ability to drive
events of nonallelic homologous recombination (NAHR).
The vast majority of rearrangement-prone sequences are
low-copy repeats (LCRs), which are also named duplicons or
segmental duplications [2]. Duplicons range in size from a few
to hundreds of kilobases.
Large duplicons have a complex organization, being
composed of high-copy-number interspersed repeated elements,
DNA transposons, retrotransposons, genes, and pseudogenes.
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doi:10.1016/j.ygeno.2006.02.014to-wall duplications, which define a transition zone between
unique sequences and tandemly repeated satellite sequences [3].
Low-copy repeats, having a variable distribution and
expansion, have been found in a number of mammals;
segmental duplications are held largely responsible for the
delineation of the evolutionary make-up of mammalian
genomes [4–6]. Chromosome banding and comparative
chromosome painting of primate genomes have enabled the
delineation of the chromosome evolution patterns and, in most
cases, the location of rearrangement breakpoints with precision
[7–11]. It is likely that serial segmental duplications played a
key role in driving primate genome evolution [12]. The major
difference between the human karyotype and that of chimpan-
zees, gorillas, and orangutans consists in the fusion of two
ancestral chromosomes to form human chromosome 2. As a
result of this fusion, head-to-head arrays of degenerate telomere
repeats are located in the middle of chromosome 2, thus
marking the fusion site (2qFus) near the borders of bands 2q13
and 2q14.1 [13–15]; moreover, sequence blocks from the fusion
site are duplicated at nontelomeric locations. The observation
that a portion of the 2qFus region is duplicated at 9q13 is
relevant to the present work.
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polymorphic, due mainly to the variation in size of the
heterochromatic region and to the frequent occurrence of
inversions [16,17]. Among human chromosomes, chromosome
9 shows the highest incidence of pericentric inversions involving
the heterochromatic region on the proximal long arm (9qh), the
frequency being more than 1% in live births [18]. The
heteromorphisms mentioned above are inherited in a Mendelian
fashion and have no apparent phenotypic consequences. A
growing body of evidence indicates that there is a relationship
between meiotic rearrangements and acquired mitotic aberra-
tions: rearrangement-prone chromosome regions show cluster-
ing of recurrent cancer breakpoints [19].
Computational methods and statistical tests have been
developed to analyze public databases and detect recent
segmental duplications in the human genome [20,21]. The
amount of duplicated sequences is higher in the pericentromeric
and subtelomeric regions of some chromosomes. Duplication-
rich regions are common sites of susceptibility to disease and of
copy number polymorphism [22,23]. The pericentromeric
region of chromosome 9 is one of these duplication-enriched
portions of the human genome.
To date, the molecular mechanism underlying these recurrent
aberrations has not been clarified, even if some experimental
data support the idea that duplicons play a role in driving not
only meiotic, but also somatic, exchanges [19].
In this report the attention is focused on a chromosome-9-
derived small supernumerary marker chromosome (SMC)
originally described in a female patient with a mosaic karyotype:
46;XXð26%Þ=47;XXþ 9ð4%Þ=47;XX
þmar-de-novo:derð9Þdelð9Þðp21:1Þdelð9Þðq13Þð70%Þ
[24].
SMCs are defined as “additional chromosomes, the origin
and composition of which cannot be resolved using conven-
tional cytogenetic staining techniques” [25,26]. They occur in
about 1 of 3000 live newborns. Twenty percent of SMCs are
familial and do not have any clinical effect, the remaining 80%
arising de novo [27,28].
The chromosome-9-derived SMC described here was
previously isolated by sorting and identified by FISH after
molecular cloning [24,29]. It was also genetically modified,
isolated in a somatic cell hybrid, and studied as a potential
chromosome vector for gene transfer in mammalian cells
[30,31].
This paper concerns the characterization of the breakpoints
in 9p and 9q at the sequence level. A database search and high-
resolution FISH allowed us to identify five complex LCRs
(LCR9-1, LCR9-2, LCR9-3, LCR9-4, and LCR9-5) mapping in
9p21.1, 9p11, 9q12, 9q13, and 9q11, respectively. LCR9-1 and
LCR9-4 are shown to be involved in a somatic exchange
leading to the formation of the marker chromosome.
Our results represent new evidence of the direct involvement
of duplicons in driving structural chromosome rearrangements
in somatic cells.Results
To investigate the molecular basis of the rearrangement that
generated the der(9) SMC, we defined at the sequence level the
9p and the 9q breakpoints. To this purpose we initially
constructed a physical map of the region containing the
9p21.1 breakpoint (Fig. 1A). The results of BAC screening
and STS amplification are summarized in Fig. 1. Eight BAC
clones, mapping in a region spanning from band 9p13.3 to band
9p23, were screened by FISH on metaphases from the
monochromosomic hybrid containing the marker. The results
of this analysis are reported in Fig. 1B. The BAC clones
indicated in red and labeled with an asterisk in Fig. 1B were
present on the SMC (green FISH signal in the top squares), the
unlabeled BACs were not present on the SMC (no FISH signal
in the top squares). This analysis allowed us to delimit a 4-Mb
segment at the boundary between bands 9p13.3 and 9p21.1,
containing the breakpoint. To refine the breakpoint character-
ization, PCR experiments were performed with primers
designed on the basis of the published sequence of seven
STSs mapping in this 4-Mb segment. In Fig. 1C the STSs
present on the SMC are indicated in red and are asterisked. The
minimum region containing the breakpoint site could be
reduced to a 60-kb fragment bordered by STS RH118658 and
STS RH93098. Nine primers were then designed on the basis of
the published sequence of these 60 kb and PCR amplified, thus
marking the limits of the region containing the breakpoint
within an 11.2-kb DNA fragment between the oligos B and C,
which are the last distal unamplified marker (not asterisked in
Fig. 1D) and the first proximal amplified marker (indicated in
red and asterisked in Fig. 1D), respectively.
Sequenceanalysisof this11.2-kbDNAsegmentandBLASTN
search on genomic sequences demonstrated the existence of four
paralogous segments on human chromosome 9, sharing at least
96% sequence identity. We named these paralogous segments
LCR9-1 to LCR9-4, their chromosomal localizations (NCBI,
Map Viewer) being 9p21.1, 9p11, 9q12, and 9q13, respectively.
Fig. 2Ashows thedistributionofLCR9sonchromosome9andon
theSMC;LCR9-1 toLCR9-4areallpresenton themarker,LCR9-
1 and LCR9-4 coinciding with its telomeres.
The structural organization of the LCR9s is shown in Fig.
2B.We also looked for genes or pseudogenes in the LCR9 units;
the results are summarized in Fig. 2B and in Table 1.
The data reported in Table 1 were collected using a
bioinformatic approach since all the genes found within
LCR9s correspond to sequence elements available from the
Human Genome database.
The 9q breakpoint of the rearrangement leading to the
formation of the SMC could be identified on the basis of the
hypothesis that it should have originated from an unequal
exchange involving the family of duplicons here described; in
such a case the 9q breakpoint should have to coincide with
LCR9-4. PCR primers were designed on the basis of the
sequence of the closest STS markers flanking LCR9-4; a 1.3-
Mb region containing the breakpoint was identified (Fig. 3A).
Since the only sequence element that is present both in LCR9-1
and in LCR9-4 is AQP7, further narrowing of the breakpoint
Fig. 1. Molecular definition of the 9p21.1 breakpoint of the rearrangement leading to the formation of the SMC. (A) Idiogram of human chromosome 9. The 24-Mb
region, initially probed by FISH, is indicated by a bar. (B) Representation of the map positions of the BAC clones used for FISH analysis. The results of FISH are
shown above each BAC. (C) Map positions of the STS markers used for PCR analysis of the 4-Mb breakpoint-containing segment. (D) Map positions of the oligos
used for PCR screening of the 60-kb breakpoint region. In panels B–D the markers present on the SMC are indicated in red and labeled with an asterisk. The breakpoint
contains the gene coding for aquaporin 7 (AQP7). Aquaporin/major intrinsic protein are a family of water-selective membrane channels. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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primers, designed on the basis of a 100-kb sequence containing
the AQP7 gene copy, which is present in LCR9-4 (Fig. 3B). The
results of PCR experiments allowed us to define a 17.1-kb DNA
segment containing the 9q13 breakpoint.
Fig. 4 shows the results of two-color high-resolution PRINS–
FISH performed on mechanically stretched chromosomes.
PRINS coupled to FISH allows us to detect in a single step, on
the same chromosome preparation, a repetitive target sequence
(PRINS) and a single-copy DNA sequence (FISH). In Fig. 4A,
top, the arrangement of fluorescent spots observed on chromo-
some 9 is shown. Twenty complete metaphase spreads from
normal human lymphocytes, with properly stretched chromo-
somes,were scored. PRINSwas performedwith a primer specific
for chromosome 9 satellite III DNA (green signal in Fig. 4A), the
FISH probe was BAC RP11-236F9, which covers the telomeric
portion of LCR9-4 (red signal in Fig. 4A). Four red spots can be
seenonchromosome9,which correspond to the four copies of the
LCR9s found by in silico analysis. A yellow-green centromeric
signal is also present, coinciding with the satellite III green
fluorescent spot. This means that a fifth LCR9 copy (LCR9-5) is
presentonchromosome9.The redsignalcorresponding toLCR9-
5 is superimposed on the green signal corresponding to satellite
III, the resulting color being yellow-green. The same pattern was
observed on all the chromosomes 9 scored, thus demonstrating
that LCR9-5 is located in the satellite III block in 9q11, that is to
say, in the unsequenced gap of chromosome 9; this is the reason
why LCR9-5 could not be identified by the database search.High-resolution PRINS-FISH was also performed on
elongated chromosomes from the monochromosomic hybrid
containing the SMC to analyze the presence and the
arrangement of LCR9s and the relations among SMC ends
and the LCR units. To this purpose, the BAC identifying LCR9s
(RP11-236F9, red signals) was used as a FISH probe and a
primer for the human telomeric repeat (green signal) was used
for PRINS. Twenty metaphase spreads with a comparable
degree of chromosome stretching were analyzed. As can be seen
in Fig. 3B, LCR9-1 to LCR9-5 are all present on the SMC; five
red spots, with the same arrangement observed on normal
chromosome 9, are evident. As expected on the basis of the
mitotic stability of the SMC, both its ends hybridize with the
telomeric probe; moreover, the presence on both the telomeres
of a yellow-green signal, resulting from the superimposition of
the green and the red FISH signals, demonstrates that each
telomere coincides with one LCR9 copy.
A common feature of the majority of the LCR sets described
in the literature is the presence of paralogous segments, not only
on the same chromosome, but also on different chromosomes in
rearrangement-prone sites. This is a significant aspect in view of
the potential involvement of a particular family of LCRs in
driving genome instability.
To detect segmental duplications sharing homology with
LCR9s, BLASTN search was extended to the whole human
genome. We found 19 loci distributed on 11 chromosomes
containing sequences that have at least 90% identity with LCR9s
(Fig. 5A, red arrowheads). FISH analysis with the BAC
Fig. 2. Structural organization and gene content of LCR9s. (A) Idiograms showing the map positions of LCR9s on human chromosome 9 and on the SMC. (B)Molecular
organization of LCR9s. The size of each LCR unit is indicated on the right. Different colors are used to indicate the singlemodules containedwithin each LCR unit. Thick
black lines indicate nonhomologous segments. Thin black lines indicate unsequenced gaps. The genes and pseudogenes present in the single units are labeled with a black
symbol (see key). LCR9-1 (blue box) is 21 kb long and contains the full-length AQP7 gene. LCR9-2 is composed of a 194-kb-long heterogeneous DNA segment (white
box) and a 21-kbmodule (blue box) that shows high sequence similarity with LCR9-1. The 194-kb-longwhitemodule contains a pseudogene similar to cytochrome P450,
a pseudogene similar toCNN2 (calponin 2), and repetitive DNA elements. LCR9-3 is 403 kb long and contains two redundant domains in opposite orientation, which are
separated by a 50-kb-long unsequenced gap. The proximal domain contains a 19-kb heterogeneous segment containing single-copy and repetitive DNA elements (red
box), a 15-kbmodule composed of tandem repeats of degenerate telomeric satellite DNAblocks (yellow box), an 83-kbmodule (green box) containing two predicted gene
sequences that are similar to the ribosome biogenesis protein BMS1 homolog and to the mitochondrial C1-tetrahydrofolate synthase, respectively, a 21-kb module (blue
box) homologous to LCR9-1, and a 57-kb module (white box) that is homologous to part of the white module present in LCR9-2. The telomeric domain is the specular
copy of the centromeric one, missing the 19-kb red module. LCR9-4 is the longest and most complex among this set of LCR9s. It is composed of: (a) a 188-kb module
sharing 97% sequence identity with the white module of LCR9-2; (b) the whole blue module; (c) the whole green module; (d) the 15-kb telomeric-like repeat; (e) a 62-kb
red module; (f) a 57-kb-long nonhomologous segment; (g) a 50-kb-long unsequenced gap; (h) part of the green module (37 kb, containing a potentially transcribed gene
similar to the ribosome biogenesis protein BMS1 homolog); (i) the 15-kb telomeric-like repeat (yellow module); (j) a 62-kb red module; (k) an 81-kb dotted-red module;
(l) a 50-kb unsequenced gap; and (m) an 81-kb dotted-red module that is highly similar to the previous one and has an opposite orientation. The two dotted-red boxes
positioned at the telomeric border of LCR9-4 share 97.8% sequence identity with an 81-kb DNA segment from the “primate ancestral chromosome fusion site” in human
chromosome 2q13–2q14.1 (2qFus). The paralogous blocks covering the telomeric portion of LCR9-4 (from 67935 to 68145 kb) and the 2q13–2q14.1 fusion region are
compared in panel C. The 81-kb dotted-red modules from chromosome 9 and the one from chromosome 2 all contain one FOXD4 (forkhead box protein D4)-like gene.
One copy of the gene coding for the COBWdomain protein, or a closely related sequence sharing 99%similarity with it, is also contained in each dotted-red box. TheBAC
clone used for BLASTNsearch in the human genome and for FISH experiments (BACRP11-236F9) covers the telomeric portion of LCR9-3 and contains part of thewhite
box, the whole blue box, the whole green box, and the whole yellow box. (C) Comparison between the 81-kb paralogous segments covering the distal portion of LCR9-4
and the 2q13–2q14.1 fusion region. The oppositely oriented sequences of the dotted-red boxes within LCR9-4match perfectly and share 97.8% homology with an 81-kb
segment within 2qFus. In all, three copies of the FOXD4 gene and three copies of the COBW domain gene are contained in the dotted-red paralogous segments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Supposed genes and pseudogenes found within LCR9s
Gene ID Symbol Gene description Protein Accession No. Chromosome position and
LCR9 assignment
364 AQP7 Aquaporin 7 NP_001161 9p21.1; LCR9-1
441432 AQP7P3 Aquaporin 7
pseudogene 3
NP_001012422 9p11; LCR9-2
441438 AQP7P4 Aquaporin 7
pseudogene 4
NP_001012449 9q12; LCR9-3
375719 AQP7P1 Aquaporin 7
pseudogene 1
XP_372110 9q12; LCR9-3
389756 AQP7P2 Aquaporin 7
pseudogene 2
XP_497059 9q13; LCR9-4
441431 None Similar to
cytochrome P450
None 9p11; LCR9-2
441445 None Similar to
cytochrome P450
None 9q13; LCR9-4
392334 None Similar to CNN2 XP_498321 9p11; LCR9-2
392343 None Similar to CNN2 XP_498327 9q13; LCR9-4
389748 None Similar to ribosome
biogenesis protein
BMS1 homolog
XP_372108 9q12; LCR9-3
286327 None Similar to ribosome
biogenesis protein
BMS1 homolog
XP_497054 9q12; LCR9-3
389953 None Similar to ribosome
biogenesis protein
BMS1 homolog
XP_372310 9q13; LCR9-4
442423 None Similar to ribosome
biogenesis protein
BMS1 homolog
XP_498329 9q13; LCR9-4
389749 None Similar to
mitochondrial
C1-tetrahydrofolate
synthase
XP_372109 9q12; LCR9-3
389752 None Similar to
mitochondrial
C1-tetrahydrofolate
synthase
XP_372111 9q12; LCR9-3
389757 None Similar to
mitochondrial
C1-tetrahydrofolate
synthase
XP_372114 9q13; LCR9-4
None None COBW domain-
containing 3
None 9q13; LCR9-4
220869 CBWD5 COBW domain-
containing 3
NP_001020087 9q13; LCR9-4
349334 FOXD4L4 Forkhead box protein
D4-like 4
NP_954714 9q13; LCR9-4
286380 FOXD4L2 FOXD4-like 2 NP_954586 9q13; LCR9-4
The transcribed/potentially transcribed sequences contained in LCR9s are listed. For each sequence are indicated: the Entrez Gene ID number, the official symbol, the
gene description, the accession number of the coded protein, the location on human chromosome 9, and the LCR9 to which it belongs.
751M. Paulis et al. / Genomics 87 (2006) 747–757identifying LCR9s (RP11-236F9) allowed us to localize the
paralogous segments mapping in the unsequenced gaps of the
human genome (green arrowheads in Figs. 5A and 5B). In
addition to the 19 loci identified by BLAST search, 16 sites
mapping in the pericentromeric and/or subtelomeric unse-
quenced gaps of chromosomes 1, 2, 3, 4, 9, 11, 13, 14, 15, 19,
21, 22, and X were found to contain LCR9 paralogous segments
(red arrowheads in Fig. 5A). BLASTN search coupled to FISH
indicated that the human genome contains 35 segments in all,
distributed on 19 chromosomes, sharing sequences similar to
LCR9s.Discussion
Identification, gene content, and sequence analysis of LCR9s
The molecular characterization of the breakpoint at 9p21.1 of
a structural rearrangement that originated a der(9) supernumerary
marker chromosomewas the first step of this work.We identified
a 21-kb-long duplicon, the chromosomal localization of which
coincides with the 9p21.1 breakpoint. A database search
indicated that there are four regions with a high degree of
identity (>96%) on human chromosome 9; these regions of
Fig. 3. PCR narrowing of the 9q13 breakpoint of the rearrangement leading to the formation of the SMC. (A) Map positions of the STS markers flanking LCR9-4. (B)
Map positions of the oligos used for PCR screening of a 100-kb segment of LCR9-4 containing the AQP7 gene. In panels A and B the markers present on the SMC are
indicated in red and labeled with an asterisk. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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on chromosome 9p21.1, LCR9-2 on 9p11, LCR9-3 on 9q12, and
LCR9-4 on 9q13. The size of the LCR9s ranges from 21 to
799 kb. Expressed or potentially expressed genes have been
found in the vast majority of LCRs; this characteristic is
significant, since transcription may lead to the formation of an
open chromatin structure and promote recombination, thus
facilitating the occurrence of structural chromosome rearrange-
ments. The copy number of genes belonging to a particular gene
family and the structural arrangement and extent of homology of
the regions in which they are embedded are key elements for the
susceptibility to NAHR [32]. The overall analysis of the gene
content of LCR9s and sequence comparison of chromosome 9
paralogous segments showed that they contain 17 expressed/
potentially expressed genes; all these sequences are present in
multiple copies within LCR9 paralogs.Fig. 4. High-resolution FISH on mechanically stretched chromosomes. (A)
Partial metaphase from normal human lymphocytes showing the results of two-
color PRINS–FISH on human chromosome 9. A primer designed on the satellite
III sequence was used for PRINS (green label), and FISH was performed using
BAC RP11-236F9 (red label). The chromosomes were counterstained with
DAPI. The presence of a yellow-green fluorescent spot inside the green signal
indicates that one copy of the duplicon is immersed in the satellite III DNA
block. (B) Partial metaphase from the monochromosomic hybrid cell line MCH,
showing the results of two-color PRINS–FISH on the SMC. The (TTAGGG)n
human telomeric repeat was used for PRINS (green label), and BAC RP11-
236F9 (red label) was used as FISH probe. The chromosomes were counter-
stained with DAPI. Both ends of the SMC show a green, a red, and a yellow-
green fluorescent signal. The yellow-green signals derive from the summation of
a red spot and a green spot. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)LCR9-4, which is the most complex among the LCR9s,
contains two modules, positioned at the telomeric border, that
are symmetrically identical and show 97.8% sequence identity
with an 81-kb paralogous segment located in the long arm of
chromosome 2 (2qFus). While analyzing the structural
organization and gene content of the 2qFus region, Fan and
co-workers [13,14] demonstrated that part of it is derived from a
paralog that is now located in 9q13. It is well documented that
human chromosome 2 is the result of a telomere–telomere
fusion between chimpanzee chromosomes 12 and 13 [7,33].
Our data would suggest that the duplicated 81-kb DNA element
contained in the distal part of LCR9-4 moved from this site to
the subtelomeric regions of the chimpanzee chromosomes, the
fusion of which gave rise to human chromosome 2; this
segmental duplication generated an increase in the copy number
of the FOXD4-like and the COBW domain genes. Our results
are in agreement with those obtained by Martin and co-workers
while tracing the evolutionary origin of human subtelomeric
homologies [15].
FISH analysis allowed us to identify an additional LCR9
(LCR9-5), which is located in the unsequenced chromosome 9
gap, as it is immersed in the centromeric satellite III DNA block.
This finding is relevant since LCR9-5 is a newly described
segmental duplication, while LCR9-1 to LCR9-4 are part of
sequenced human genome duplicated segments [21].
Data on the extension of the sequence similarity among
LCR9-5 and LCR9s-1, -2, -3, and -4 are not available;
however, we should expect it to contain some of the
potentially expressed genes found in the other LCR9s. In
this respect it is worth noting that two research groups recently
reported on the transcriptional activation of human chromo-
some 9 satellite III DNA under stress conditions [34,35]. The
presence of putative expressed sequences in constitutive
heterochromatin may be relevant for the hypothesis that
normally silenced chromosome domains may become tran-
scriptionally competent.
LCR9s are involved in chromosome 9 evolution
The succession of presumptive events occurring during the
evolution of human chromosome 9 from a hypothetical ancestor
has been described in detail in two recent papers [10,36]. The
most parsimonious series of rearrangements needed to give rise
Fig. 5. Distribution of LCR9s on human chromosomes. (A) Idiogram showing
the results of BLASTN and FISH search, on the human genome, for LCR9
paralogous segments. The query sequence and the FISH probe was the BAC
RP11-236F9, which covers the distal region of LCR9-3. Nineteen hits, over
10 kb long and sharing 90% homology with the query sequence, were found
(green arrowheads). The red arrowheads indicate the 16 additional paralogs
identified by FISH. (B) Metaphase spread from normal human lymphocytes
hybridized with BAC RP11-236F9. The probe was labeled with biotin and
detected with FITC-conjugated avidin (green signals), the chromosomes were
counterstained with DAPI. Thirty metaphase spreads were analyzed; the mean
number of FISH signals observed per mitosis was 30; chromosome sites
showing clustering of at least 12 fluorescent spots were scored as positive and
are those labeled with red arrowheads in panel A.
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consists in a pericentric inversion, with breakpoints in the bands
corresponding to 9pter and 9q13 followed by the expansion of
the 9q12 heterochromatin block. This means that the 9q13
region corresponds to the telomeric portion of the short arm of
human chromosome 9’s hypothetical Pongidae ancestor. The
telomeric-like degenerate satellite repeats that we found inside
LCR9-3 and LCR9-4 may therefore be considered the “fossil”
of this ancient telomere.A further point seems to be relevant in considering the role
played by LCR9s in primate chromosome evolution. As noticed
before, the distal border of LCR9-4 contains two palindromic
domains, each one sharing 97.8% sequence identity with an 81-
kb DNA segment from the 2q13–q14.1 (2qFus) region. The
combined evidence provided by Fan and co-workers [13,14]
and by this study indicates that the ancestral DNA element from
which the paralogous segments now located at 2qFus and 9q13
are derived is one of the palindromic blocks contained in LCR9-
4; on the basis of comparative FISH results and genomic
structure analysis, Fan and co-workers [13] hypothesize that this
DNA element spread from its original position to different,
primarily subtelomeric, locations before the hominid diver-
gence. These data confirm that a peculiar feature of the
pericentromeric region of human chromosome 9 is the
evolutionary mobility of its sequences. We suggest that LCR9
orthologous segments may have been involved in driving the
evolution of human chromosome 9. This hypothesis is
supported by the analysis of the phylogeny of human
chromosome 9 performed by Montefalcone and co-workers
[36] by FISH mapping of 12 human probes, spanning the
chromosome 9 short and long arms, in nine primate species: all
the pericentromeric probes used contain one or two copies of the
LCRs here described. The authors demonstrate that the
chromosome 9 pericentromeric region exhibits an extraordinary
evolutionary plasticity, consisting in the repositioning of the
centromere independent of the flanking chromosomal markers;
we can speculate that the set of LCR9s here described may have
been involved directly in these processes.
With its rearrangement-prone nature, redundant structure,
and evolutionary plasticity the chromosome 9 pericentromeric
region is similar to the 15q24–q26 region. The structural
instability of the 15q24–q26 region is due to the presence of a
high concentration of duplicons related to disease susceptibility
[37]; moreover it is a hot spot of neocentromere emergence [38].
In the centromere-competent region of chromosome 15 is
present the site of an ancestral centromere. Ventura and co-
workers speculate that rearrangement between duplicons may
be responsible for the high frequency of centromere formation
in this region associated with the origin of SMCs. These
combined evidences are consistent with the finding that there is
extensive breakpoint reuse in mammalian evolution [6].
LCR9s can drive constitutional and somatic structural
chromosome rearrangements
The key role played by duplicons in the etiology of a number
of diseases (genomic disorders), in genome instability, and in
chromosome evolution via meiotic mechanisms based on
nonallelic homologous recombination is well documented
[39,40]. The mitotic role of duplicons is still debated; however,
a growing body of evidence suggests that segmental duplica-
tions can be responsible for a number of tumor-associated
chromosome rearrangements [19,41,42].
As mentioned above, chromosome 9 pericentric inversions
are among the most common chromosome variations observed
in the human populations [17,43]. Stark and co-workers [44]
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patterns can be explained by unequal meiotic exchanges
involving homologous redundant regions in the proximal
short and long arm, bands 9p12 and 9q13–q21 being the
breakpoint cluster regions.
Human genome regions containing recently occurring
segmental duplications have been identified in two recent
papers by computational analysis of public databases [20,21]; in
these papers all the LCRs detectable in the human genome,
including LCR9-1, LCR9-2, LCR9-3, and LCR9-4, are listed.
LCR9-5 is localized in the unsequenced 9q11 gap; therefore, it
has never been described before. The family of duplicons here
characterized is contained in the duplicated portion of
chromosome 9 pericentromeric region. We provide experimen-
tal evidence that, due to their molecular organization, LCR9s
could drive a mitotic rearrangement originating the SMC
studied in the present research.
Regions flanked by LCRs are rearrangement prone due to
their susceptibility to nonallelic homologous recombination.
Using segmental duplication BAC microarrays, Sharp and co-
workers [22] identified 119 hot spots of copy number
polymorphism in the human genome; these chromosome
regions are significantly enriched in segmental duplications.
An example of such LCR-associated polymorphic variation is
illustrated by the pericentromeric region of chromosome 9
[22,23,45,46]. LCR9-1 to LCR9-4 are contained in the site of
putative structural variation mapping in the pericentromeric
region of chromosome 9 [23].
The SMC described here was originally found in a mosaic
karyotype. Constitutional chromosomal mosaicism may be the
result of postfertilization mitotic error during the first stages of
embryo development. Mosaicism is commonly described in
cases of trisomy and diploidy, but it may be associated with
other chromosomal abnormalities. Trisomy rescue with the
formation of marker chromosomes is a well-known phenom-
enon; it has been described in a significant number of cases of
aneuploid cell lines in association with markers deriving from
chromosomes 1, 6, 7, 9, 15, 16, and 21 [24,27,47–51]. Tracing
the history of our SMC, a rearrangement involving the
recombinogenic pericentromeric region of chromosome 9
presumably occurred during the development of an individual
with complete trisomy 9, leading to the formation of the marker.
The normal cell line would then be the result of subsequent loss
of the marker chromosome. The cell line containing complete
trisomy 9 would have been at a selective disadvantage, the final
mosaic being the one that we observed. The rearrangement
producing the SMC would have consisted of the deletion of the
9p21.1 → pter and of the 9q13 → qter fragments. The der(9)
SMC described in this work should have been produced by a de
novo rearrangement that occurred in a somatic cell. We have
shown that the rearrangement was mediated by an exchange
involving two of the paralogous copies of LCR9s, namely
LCR9-1 and LCR9-4, located in 9p21.1 and 9q13, respectively.
Since LCR9-1 and LCR9-4 have a direct orientation, intrachro-
matidic pairing would have been the initial event that gave rise
to the SMC. An active copy and a potentially active copy of the
AQP7 gene are present in LCR9-1 and in LCR9-4, respectively;we demonstrate here that the somatic exchange took place
between these sequences. This point is important in view of the
role played by expressed genes in increasing LCR-associated
chromosome instability [32].
Copy number variants flank the AQP7 sequence [22]; such
polymorphism has been found in a number of loci in the human
genome defining hot spots of chromosomal rearrangement; this
feature of genomic architecture could have played a significant
role in the origin of this particular SMC.
The last part of this paper concerns the search for LCR9
paralogous segments on chromosomes other than 9. A database
search demonstrated that sequences sharing at least 90%
identity with LCR9s are present in 19 sites distributed on 11
chromosomes; 16 additional paralogous segments, located in
the unsequenced gaps of the human genome, were found by
FISH. As expected the sequences homologous with LCR9s are
nonrandomly distributed with a tendency to cluster in the
pericentromeric regions. A comparison of this distribution with
that of the tumor-associated breakpoints, reported in the
Mitelman Database of Chromosome Aberrations in Cancer
(http://cgap.nci.nih.gov/Chromosomes/Mitelman), demon-
strates that all the sites containing an LCR9 paralog coincide
with cancer breakpoint hot spots at the cytogenetic resolution
level. This preliminary observation suggests that it will be of
interest to investigate in detail the possible existence of a direct
relation among specific cancer breakpoint sites and the location
of LCR9 paralogous copies.
In conclusion, we suggest that the set of duplicons described
in this work may be involved directly both in meiotic and in
mitotic exchanges and may represent a useful tool to elucidate
the underlying molecular mechanisms. This paper provides new
evidence supporting the hypothesis that duplicons can drive
structural rearrangements at the origin of a number of both
hereditary and acquired pathological conditions.Materials and methods
Cell samples and chromosome preparation
Human peripheral blood lymphocytes were cultured for 72 h in RPMI 1640
medium (EuroClone) supplemented with 15% fetal calf serum (EuroClone).
MCH is a monochromosomic human/hamster somatic hybrid clone
containing the chromosome 9-derived SMC as the only human chromosome
[30]. It was maintained in RPMI 1640 medium (EuroClone), supplemented with
10% fetal calf serum (EuroClone).
CHO (Chinese hamster ovary) cells were maintained in RPMI 1640 medium
(EuroClone), supplemented with 10% fetal calf serum (EuroClone).
Metaphase chromosomes were prepared after a 2-h treatment with colcemid
(0.03 μg/ml), according to the standard method based on hypotonic swelling in
75 mM KCl and fixation in methanol:acetic acid (3:1).
Mechanically stretched chromosomes were prepared essentially as described
by Haaf and Ward [52]. Mitotic cells were harvested, incubated in hypotonic
buffer (10 mM Hepes, pH 7.3, 30 mM glycerol, 1 mM CaCl2, 0.8 mM MgCl2),
and transferred onto slides by centrifugation at 200g, using a Cytospin
centrifuge (HERMLE).
DNA amplification
Polymerase chain reaction was performed on phenol-extracted genomic
DNA from the MCH somatic hybrid. The reaction was also performed on
755M. Paulis et al. / Genomics 87 (2006) 747–757genomic DNA from peripheral blood lymphocytes and from CHO cells used as
positive and negative control, respectively.
The following amplimers were used:. D9S2102, D9S1705, D9S165,
D9S1081, RH118658, RH93098, and D9S1817 STS markers localized in
9p13.3–p21.1 (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=
search&DB=unists); WI-5353 and D9S1862 STS markers localized in 9q13–
q21.1 (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=
unists); primers BPp-A, BPp-B, BPp-C, BPp-D, BPp-E, BPp-F, BPp-G, BPp-
H, and BPp-I, localized in 9p13.3–p21.1, designed on the basis of the published
sequence, BPp-A, 5′-TGGGAGGAAGCATTTGAG-3′/5′-ACCTTGGCCCTT-
GTCTAA-3′; BPp-B, 5′-CCAGCCTACACCACAGAG-3′/5′-GGCAACCTG-
GAAGAAAAC-3′; BPp-C, 5′-GAGGCCGAGGTGGATGGA-3′/5′-
ACCGAGTCTCACCCTGTT-3′; BPp-D, 5′-GCTCCAAAGCCCACGAAA-
3′/5′-CTCGGGCCACTGTCTTAG-3′; BPp-E, 5′-TCTGCCTGCTGCCC-
ATCG-3′/5′-CTCAGCCTCCCCATTAGC-3′; BPp-F, 5′-GTTGTTGC-
CTGCCGTGTG-3′ /5′-CTCAGCCTCCCCATTAGC-3′; BPp-G, 5′-
TGGGGAAGAAGGATGACG-3′/5′-GGGGACAGTTTTTAGCAC-3′; BPp-
H, 5′-GTGCCTGTGTGGATGGAC-3′/5′-GAAGCACTGGGGCATCCT-3′;
and BPp-I, 5′-CCCCACCACACCCACCTA-3′/5′-GGCTGGACCACT-
TGTTCT-3′; primers BPq-A, BPq-B, BPq-C, BPq-D, and BPq-E, localized in
9q13, designed on the basis of the published sequence, BPq-A, 5′-
TGTTATACAGCCTTTTAAAACAAA-3′/5′-TAATAAGCATTGATTAAA-
TATCCG-3′; BPq-B, 5′-GCCCATCCTTGCATATCACGTA-3′/5′-CAGAGT-
GATCCCTGCCTCCCTG-3′; BPq-C, 5′-CCGAGAATGGTCCCCTGCCTCC-
3′/5′-GAGCCTCCTACCCCCTCCTCTA-3′; BPq-D, 5′-CTTAATTGG-
CATTGGTGACGACAA-3′/5′-TGACTCTGAGGGTGGCCTGACTAA-3′;
and BPq-E, 5′-TGAATAACAATGGAATGTCAGTTG-3′/5′-TTGTGAGAAA-
GAAATATTTGACAG-3′.
PCRs were performed in 25 μl of 1× PCR buffer (10 mM Tris–HCl, 1.5 mM
MgCl2, 50 mM KCl, pH 8.3), containing genomic DNA (50 ng), deoxyr-
ibonucleotides (300 μM) (MBI Fermentas), Taq DNA polymerase (1 U)
(Roche), and oligonucleotide primers (0.5 μM/each) (Sigma–Genosys). The
reactions were carried out for 30 cycles, at an annealing temperature of 56°C.
PCR fragments were separated by agarose gel electrophoresis, stained with
ethidium bromide, and photographed.
DNA probes
The following probes were used: (a) eight BAC clones mapping in a region
spanning from band 9p13.3 to band 9p23 (RP11-284P20, RP11-2A18, RP11-
296P7, RP11-438B23, RP11-79K11, RP11-176F3, RP11-156G14, and 405L18)
and (b) the BAC clone RP11-236F9, mapping in 9q12.
All BACs used in this study are from the RP11 library (P. de Jong; http://
bacpac.chori.org/home.htm).
FISH and PRINS
The BAC clones were labeled using a nick-translation reagent system
(Invitrogen) and Bio-16–dUTP (Roche) according to the protocol provided
by the supplier. The labeled probes were resuspended in hybridization
buffer (50% formamide, 10% dextran sulfate, 1× Denhardt’s solution,
0.1% SDS, 40 mM Na2HPO4, pH 6.8, 2 × SSC) containing Cot1 DNA,
at a final concentration of 10 μg/ml, and denatured at 70°C for 10 min.
Before hybridization, the labeled BAC clones were incubated for 20 min
at 37°C.
In situ hybridization was performed essentially as previously described [30].
In brief, slides were treated with RNase (type III) at 37°C for 1 h and dehydrated
through the ethanol series before denaturation in 70% formamide/2 × SSC. The
hybridization was performed overnight at 42°C. Stringent washings were
performed in 50% formamide/2 × SSC at 42°C.
PRINS coupled to FISH was performed on mechanically stretched
chromosomes. PRINS was carried out according to Terkelsen et al. [53] using
the primer (CCATT)7, specific for a chromosome 9 satellite III DNA subfamily,
or with the telomere-specific primer (CCCTAA)7. Dig-11–dUTP was used as
the labeled nucleotide. The slides were dehydrated through the ethanol series
and processed for FISH as described above, using the Bio-16–dUTP labeled
BAC clone RP11-236F9 as a probe.For single signal detection the slides were incubated with FITC-conjugated
avidin DCS (Molecular Probes), then with biotin-conjugated anti-avidin D
antibody (Vector), and finally with FITC-conjugated avidin. Avidin and all the
antibodies were used at a final concentration of 5 μg/ml.
For double signal detection the slides were incubated first with FITC-
conjugated avidin DCS and TRITC-conjugated sheep anti-digoxigenin antibody
(Roche), then with biotin-conjugated anti-avidin D antibody and TRITC-
conjugated rabbit anti-sheep antibody (Chemicon), and finally with FITC-
conjugated avidin and TRITC-conjugated anti-rabbit antisera (Calbiochem).
Avidin and all the antibodies were used at a final concentration of 5 μg/ml.
All the slides were counterstained with DAPI (0.01 μg/ml) (Sigma) and
mounted in Tris–HCl (pH 7.5) 90% glycerol containing 2% DABCO (1,4
diazabicyclo-(2.2.2) octane) antifade (Sigma).
Slides were scored under a Zeiss Axioplan fluorescence photomicroscope
equipped with a cooled CCD camera (Photometrics). Images were captured with
IPlab spectrum P software.
Sequence analysis
Paralogs of the AQP7 and RP11-236F9 sequences were identified by
querying the human genome database using NCBI or Ensembl programs (http://
www.ncbi.nlm.nih.gov/genome/seq/HsBlast.html or http://www.ensembl.org/
Multi/blastview?species=Homo sapiens) [54].
The query sequences were masked for repetitive DNA elements using the
RepeatMasker software (http://repeatmasker.genome.washington.edu/).
Gene sequences into LCR9 were searched by the MapViewer program
(http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9606).
Interspersed and tandem repeats were identified using the RepeatMasker
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